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Abstract.—A study by Gandon et al. (2001) considered the potential ways pathogens may evolve in response to
vaccination with imperfect vaccines. In this paper, by focusing on acute infections of vertebrate hosts, we examine
whether imperfect vaccines that do not completely block a pathogen’s replication (antigrowth) or transmission (an-
titransmission) may lead to evolution of more or less virulent pathogen strains. To address this question, we use
models of the within-host dynamics of the pathogen and the host’s immune responses. One advantage of the use of
this within-host approach is that vaccination can be easily incorporated in the models and the trade-offs between
pathogen transmissibility, host recovery, and virulence that drive evolution of pathogens in these models can be easily
estimated. We find that the use of either antigrowth or antitransmission vaccines leads to the evolution of pathogens
with an increased within-host growth rate; infection of unvaccinated hosts with such evolved pathogens results in
high host mortality and low pathogen transmission. Vaccination of only a fraction of hosts with antigrowth vaccines
may prevent pathogens from evolving high virulence due to pathogen adaptation to unvaccinated hosts and thus
protection of vaccinated hosts from pathogen-induced disease. In contrast, antitransmission vaccines may be beneficial
only if they are effective enough to cause pathogen extinction. Our results suggest that particular mechanisms of
action of vaccines and their efficacy are crucial in predicting longterm evolutionary consequences of the use of
imperfect vaccines.
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Vaccination is one of our most effective tools for the con-
trol of infectious diseases. A perfect vaccine should prevent
vaccinated individuals from becoming infected on exposure
to the pathogen. An imperfect vaccine, one that does not stop
vaccinated individuals from becoming infected on exposure
to the pathogen, may still be beneficial in a number of ways
(Anderson and May 1991). The benefits conferred by im-
perfect vaccines may include: reducing the severity of the
infection or decreasing the transmission of the pathogen from
infected hosts, thus reducing the spread and prevalence of
the disease in the community (herd immunity).

A recent study considered the consequences of pathogen
evolution in response to the introduction of imperfect vac-
cines (Gandon et al. 2001). In particular, the authors sug-
gested that introduction of vaccines that reduce the rate of
pathogen replication within the host (antigrowth vaccines)
may lead to the evolution of pathogens with increased vir-
ulence (as measured in unvaccinated hosts). In contrast, in-
troduction of vaccines that reduce the rate of pathogen trans-
mission from an infected host (antitransmission vaccines)
may lead to the evolution of pathogens with reduced viru-
lence.

Evolution of pathogens can be understood in terms of the
basic reproductive number, Ry, of the infection caused by the
pathogen (Anderson and May 1991). R, is defined as the
number of secondary infections caused by the introduction
of one infected host into a wholly susceptible population
(Anderson and May 1991). Under a broad range of circum-
stances, for example, in the absence of intrahost competition
(Levin and Pimentel 1981; Bonhoeffer and Nowak 1994; No-
wak and May 1994; May and Nowak 1995; van Baalen and
Sabelis 1995), pathogens evolve to maximize R, (Bremer-
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mann and Thieme 1989; Anderson and May 1991). For a
directly transmitted pathogen, R, can be written as
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Rozd+a+v'

)
where 3 is the average transmissibility of the pathogen, «
and d are the rate constants for the pathogen-induced and
natural host mortality, v is the rate of host recovery from
infection, and Sisthe density of susceptible hosts. The trade-
offs between transmissibility 8, host recovery rate v, and
virulence a determine the values of these parameters at which
Ry is maximum. While the existence of some of these trade-
offsisintuitive, experimental data on the functional form for
these trade-offsin vertebrates is relatively limited (Fenner et
al. 1956; Schulman 1967; MeadBriggs and Vaughan 1975;
Anderson and May 1982; Mackinnon and Read 1999).

Gandon et al. (2001) used this framework to investigate
how the use of imperfect vaccines may affect the optimal
level of virulence of a pathogen. The main difficulty with
this approach is the uncertainty regarding the trade-offs be-
tween B, v, and «, and how vaccination might affect these
trade-offs.

Mathematical models of the within-host dynamics of path-
ogens and their transmission from infected hosts have been
used to explore the trade-offs between B, «, and v and the
evolution of pathogens (Sasaki and Iwasa 1991; Antia et al.
1994; Ganusov et al. 2002; Gilchrist and Sasaki 2002; André
et al. 2003; Ganusov and Antia 2003; André and Gandon
2006). These models can explicitly include the interaction
between the pathogen and the immune response (Antia et al.
1994; Ganusov et al. 2002; André et al. 2003), and vacci-
nation can be modeled by an appropriate change in the pa-
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rameters describing the immune response. This allows us to
use these within-host models to explore how immunization
may affect the trade-offs between B, v, and «, and conse-
quently how vaccination may affect the level of virulence to
which pathogens may be expected to evolve.

We first review the within-host dynamics and evolution of
pathogens in unvaccinated hosts. We then examine how an-
tigrowth and antitransmission vaccines may affect within-
host dynamics and evolution of the pathogen following in-
troduction of the vaccine. We then analyze how the trade-
offs between pathogen transmissibility, host recovery, and
virulence can be estimated from the model and how these
trade-offs change with vaccination. Finally, we discuss the
implications of our results and compare them with the results
obtained from other models. Mathematical derivations and
some additional results are summarized in the Appendix
available online only at http://dx.doi.org/10.1554/05-504.1.
sl.

EvoLuTIiON oF PATHOGENS IN UNVACCINATED HOSTS

The model of the dynamics and the evolution of pathogens
causing acute infections in vertebrates has been described
previously (Antia et al. 1994; Ganusov et a. 2002), and the
reader is referred to these publications for more detail. In
short, we assume that new infections are initiated by a small
inoculum, Py, and the pathogen population, P, expands ex-
ponentially with the rate r. The presence of the pathogen
induces the growth controlling immune response, X;, ex-
panding clonally from the density X, in a pathogen-depen-
dent manner and killing the pathogen at the per capita rate
h,P. The equations describing the dynamics of the pathogen
and the immune response are:

d—P = (r — hyXy)P and 2
dt

dX;  sX;P

d k+ P (3)

where s is the maximum rate of proliferation of the immune
response, and k is the pathogen density at which this prolif-
eration rate is half-maximum.

We assume that the pathogen kills the host when it reaches
the lethal density D and that there is no transmission from a
dead host. Acute infections are, thus, defined as infections
of a short duration that result in either host’s death or host’s
recovery and long-lived immunological memory to reinfec-
tion.

We let the rate of pathogen transmission from infected
hosts, ¢, be proportional to the within-host density of the
pathogen, P, {[P(t)] = cP(t). Then the total transmission I(r)
of the pathogen with the growth rate r during acute infection
of duration A is

I(r) = JA ([PM)] dt=c J'A P(t) dt. (4)
0 0

Thus, in this model pathogens evolve their within-host
growth rate r to maximize total transmission from infected
hosts.

During acute infections of vertebrates both pathogen and
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immune response densities expand several orders of mag-
nitude (Vitetta et al. 1991; Murali-Krishna et a. 1998; Blatt-
man et al. 2002). To generate experimentally observed dy-
namics of the pathogen and large expansion of the immune
response during acute infections, the model parameters must
satisfy the following inequalities (Antia et al. 1994):

Po< k< D and (59)

(Sb)

In Figure 1A and B we plot the dynamics of the infection
and the total transmission I(r) for pathogens with different
growth rates. We find that slowly growing pathogens are
cleared before they reach high density, and thus achieve rel-
atively little total transmission. Pathogens with an interme-
diate growth rate, r*, which allows them to reach amaximum
density just short of the lethal density before being cleared
by the immune response, are able to generate the maximum
total transmission. As shown in the Appendix (available on-
line only) the optimal growth rate r* is approximately the
solution of the following equation:

D\° rx \"
(%) - (e5) ©

where eis the base of natural logarithm. Faster growing path-
ogens, which reach the lethal density D, kill the host rapidly
and this limits their total transmission. These results suggest
that selection will favor pathogens with an intermediate
growth rate r = r*, which are at the threshold of killing the
host.

The next step is to describe virulence of pathogen strains
with different growth rates. The most general definition of
virulence of a pathogen is the reduction in host’s fitness due
to infection (Schall 2002). In acute infections, which are by
definition infections of a short duration, whether the host
survives the infection or not, is the most informative measure
of the reduction in host’s fitness (i.e., host’s reproductive
success). Therefore, the most appropriate measure of the vir-
ulence of pathogens causing acute infectionsis the case mor-
tality (a probability that a host dies following infection with
the pathogen). For persistent infections, however, a more
appropriate measure of virulence may be the pathogen-in-
duced host mortality rate, because it takes into account dif-
ferences in the duration of the infection among different in-
fected hosts. Note that the latter definition is the most com-
monly used measure of virulence in theoretical literature
(Frank 1996) and that some predictions on the evolution of
pathogens may depend on the definition of virulence used
(Day 2002; Ganusov et al. 2002).

Because in this simple model all infections are identical
and either all hosts survive (if r = r*) or all hosts die (if r
> r*) following infection, pathogen virulence defined as case
mortality cannot be described in a satisfactory manner. This
problem can be resolved by introducing stochastic hetero-
geneity in the model parameters (Ganusov et al. 2002). As
we expect similar results with heterogeneity in any parameter
(Ganusov et al. 2002), we introduce heterogeneity in the
growth rate of the pathogen. Then f(r’, r)dr’ is the probability
that during a current infection, the pathogen will have the
growth rate in therange (r’, r’ + dr’), wherer isthe average

hXp<r,s
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Fic. 1. Within-host dynamics (A), the total transmission (B) of
pathogens with different growth rates and the evolutionarily stable
pathogen virulence (C) in unvaccinated hosts. In (A) we show the
dynamics of pathogens with different growth rates (growth rates
are marked). An arrow at r = 2.2 denotes the time when a rapidly
growing pathogen reaches the lethal density and kills the host. In
(B) we show total transmission of pathogens with different growth
rates in the absence (thin line, ¢ = 0) and presence (bold line, o
= 0.1) heterogeneity. Heterogeneity levels ¢ and corresponding
case mortality M are marked. Thetotal transmissions are normalized
to the maximal value of transmission in the absence of heteroge-
neity. Dots denote maximal transmissions. Total transmissions in
the presence of heterogeneity are calculated using an analytical
approximation given in the Appendix (available online). Gamma
distribution of the growth rate is used to describe heterogeneity. In
(C) the standard deviation of the gamma distribution o is on the x-
axis. Parameters are: Py = 1, X;0 = 1, h; = 103, s = 1, k = 103,
D = 109 r* = 2.08. Rate parameters are given in day 1 units.

growth rate of the pathogen over all infections. Because dif-
ferent distributions for f are expected to give qualitatively
similar results (Ganusov et al. 2002), we use a gamma dis-
tribution given by
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where I'(-) is the Euler gamma function, r’ is the current
growth rate, r isthe average growth rate, and o isthe standard
deviation of the gamma distribution. Note that higher o cor-
responds to higher heterogeneity levels. The average total
transmission of the pathogen with the growth rate r in the
presence of heterogeneity is then given by the integral

f(',r)

L(r) = fc [(r')f(r',r)dr'. (8)

0

(In the Appendix, available online, we have derived an an-
alytical approximation for average total transmission L(r)
used in our simulations.)

The evolutionary stable (ES) growth rate of the pathogen
in the presence of heterogeneity isthen found by maximizing
the total transmission L(r). All infections, during which path-
ogens replicate at arate r’ that is greater than the optimal r*
(given in eq. 6), will result in host’s death. Therefore, for a
pathogen with the average growth rate r the case mortality
can be calculated as the fraction of infections resulting in
pathogen replicating at the rate r’; greater than the critical

rate r*:
M(r) = J
-

In Figure 1C we show that introducing heterogeneity in the
pathogen’s growth rate results in nonzero ES virulence of the
pathogen. As has been shown before, we find this ES (or
optimal) virulence increases with the increasing level of het-
erogeneity (Ganusov et al. 2002).

f(r',r)dr. 9

EvoLuTION OF PATHOGENS IN VACCINATED HOSTS

We now examine how vaccination may affect the optimal
level of virulence of pathogens. Asis shown in Figure 2, we
consider two types of vaccines: vaccines reducing the rate of
expansion of the pathogen population within the host (anti-
growth vaccines) and vaccines reducing the rate of pathogen
transmission from infected hosts (antitransmission vaccines).
To describe the effects of vaccination with two different vac-
cines on the pathogen evolution, we assume that there are
two immune responses controlling different stages of the
pathogen’s life cycle: replication (response X;) and trans-
mission (response X,). Malaria is one example in which at
least two immune responses specific to different pathogen
stages can be generated (with merozoites representing a rep-
licating stage and gametocytes representing a transmitting
stage). Development of vaccines against both stages is an
extensively explored area of current research (Dunachie and
Hill 2003; Moingeon et al. 2003; Coban et al. 2004; Druilhe
et al. 2005). In our analysis, for simplicity we consider only
one pathogen stage (replicating and transmitting), and thus
assume that expansion of both responses is driven by the
same pathogen population. A more general model, involving
two pathogen populations (replicating P, and terminally dif-
ferentiated transmitting P,) and two immune responses con-
trolling replication of each pathogen population (X; and X5,
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Interactions between the pathogen and the host’s immune responses in unvaccinated (A) and vaccinated (B, C) hosts. The

antigrowth response X; reduces the rate of expansion of the pathogen population within the host (A, B), while the antitransmission
response X, reduces the rate of pathogen transmission from infected hosts (C). To consider separately the effect of vaccination with two
vaccines, we let only the X; response be present in unvaccinated or antigrowth vaccinated hosts. In antitransmission vaccinated hosts
both immune responses are present. Arrows show positive (+) and negative (—) interactions with the line thickness denoting strength

of the interaction.

respectively), gives qualitatively similar predictions as the
simple model analyzed in the main text (see online Appendix
for more detail).

The dynamics of the antigrowth response X, is given in
equation (3); the dynamics of the antitransmission response
X, is described similarly:

X _ sXP
dt k+ P’

where without losing generality we assumed identical param-
eters s and k for both immune responses. In the presence of
the antitransmission immune response, the rate of pathogen
transmission from infected hosts is reduced proportionally to
the immune response density X,; the total transmission of the
pathogen over the course of acute infection of duration A
then is

(10)

e _ [P P
|m_Lngm LTﬁﬁﬁwt (11)

Experimental work suggests that vaccination generally re-
sults in a large increase in the number of immune cells spe-
cific to the pathogen and little or moderate changes in other
parameters such as the rate of expansion of the immune re-

sponse s or the activation parameters k (Vitetta et al. 1991;
Flynn et al. 1999; VeigaFernandes et al. 2000; Grayson et
al. 2002). In the following simulations, we therefore assume
that vaccination leads to an increase in the precursor numbers
X10 @and Xyq (i.€., the initial numbers of immune cells, which
are specific to the pathogen). Because the dynamics of path-
ogen and its transmission are determined by the products h; X;
and h,X,, one can easily show that changes in the parameters
h, and h, resulting after vaccination are equivalent to changes
in the precursor numbers (results not shown). We have also
found that changes in other parameters (such as increasesin
the expansion rate s or reduction in the activation threshold
k resulting after vaccination) lead to qualitatively similar pre-
dictions as changes in the precursor numbers (results not
shown).

Finally, to consider separately the effects of antigrowth
and antitransmission vaccines on the evolution of pathogens,
we let only the response X; be present in unvaccinated and
antigrowth vaccinated hosts. In antitransmission vaccinated
hosts, both immune responses X, and X, are present, but only
the response X, has an increased precursor number X, (Fig.
2). It is necessary to emphasize that we cannot exclude the
X, response in antitransmission vaccinated hosts (by letting
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X10 = 0), because in that case no immune response will
control the pathogen growth and depending on the parameters
either the host’ s death will be always assured or the infection
will cease to be an acute infection of a short duration.

It is important to consider the changes in the precursor
numbers of antigrowth (X;0) and antitransmission (X,g) im-
mune responses occurring following vaccination. After im-
munization of mice with live or inactivated pathogens, the
precursor numbers of, for example, CD4 and CD8 T cell
responses, often increase 102-10* fold (Doherty and Chris-
tensen 2000; Homann et al. 2001; Blattman et al. 2002).
However, for some infections such as influenzavirusin mice,
even such large increases in the precursor numbers do not
lead to complete blocking of pathogen replication following
re-exposure (Christensen et al. 2000; Doherty and Christen-
sen 2000). In the simple models considered in this paper,
even a moderate increase in the precursor number of the
antigrowth response X; dramatically reduces the mortality
due to the infection and the total pathogen transmission
(shown in Fig. 5 by thin long-dashed lines). In these models,
an effective vaccine that completely blocks pathogen repli-
cation must generate the precursor number X, > r/h; at
which the net initial rate of expansion of the pathogen pop-
ulation, r — hy{Xyq, is negative. Therefore, for such models,
to consider imperfect vaccines that only moderately reduce
the transmission and virulence of pathogens, one should
choose relatively small increases in the precursor number X;o
resulting from vaccination. Imperfect vaccination would also
correspond to a case when large increases of the precursor
number X, are compensated by a proportional decrease of
the killing efficacy h; such that the product h;X;, increases
only moderately. To investigate the role of antigrowth vac-
cine efficacy on pathogen evolution, we therefore consider
two levels of vaccine efficacy: low efficacy (when vaccination
leads to only two-fold increase in the precursor number, from
X0 = 1t0 2, i.e., imperfect vaccine) and high efficacy (when
vaccination leads to 10-fold increase in the precursor number,
from X0 = 1to 10, i.e., arelatively perfect vaccine).

In contrast, increasing the precursor number of antitrans-
mission response X, leads to a less dramatic reduction in the
total transmission of pathogens while virulence is unaffected
by such changes (shown in Fig. 5 by thin short-dashed lines).
Therefore, even large increases in the precursor number X
may still correspond to imperfect vaccination. In the paper,
we thus consider the effects of low-efficacy antitransmission
vaccines leading to generation of X,y = 10 precursors, on
the pathogen evolution.

Antigrowth Vaccines

We first consider consequences of the use of antigrowth
vaccines on the evolution of pathogens when all hosts in the
population are vaccinated. In Figure 3A and B we plot the
dynamics of the pathogen and the antigrowth immune re-
sponse in unvaccinated and vaccinated hosts when the hosts
are infected with the pathogen optimal in unvaccinated hosts
in the absence of heterogeneity (i.e., with r = r*). We find
that in unvaccinated hosts the pathogen reaches high densities
and has high total transmission (set to be 100%). Infection
of antigrowth vaccinated hosts (with a higher precursor num-
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ber X;0 = 2) with the same pathogen results in a shorter
infection, lower densities of the pathogen, and consequently,
lower total transmission (I = 24%). A similar decrease in
total transmission is observed following infection of vacci-
nated hosts with the pathogen optimal in unvaccinated hosts
in the presence of heterogeneity (see Figs. 1B and 4A). In-
creasing the efficacy of vaccination (by increasing the pre-
cursor number X;q in vaccinated hosts) results in further de-
cline in pathogen’s total transmission (shown by athin long-
dashed line in Fig. 5A). Importantly, vaccinated hosts also
suffer lower mortality after infection with the pathogen op-
timal in unvaccinated hosts, especially at high vaccine effi-
cacy (shown by a thin long-dashed line in Fig. 5C).

Because in antigrowth vaccinated hosts the immune re-
sponse develops faster, the ES pathogen growth rate in vac-
cinated hosts is higher than the ES growth rate in unvacci-
nated hosts (Fig. 4A). In the absence of heterogeneity, the
ES growth rate in vaccinated hosts can be calculated using
equation (6) with the precursor number X;o generated after
vaccination. In the presence of heterogeneity, the optimal
growth rate of the pathogen is found by maximizing the path-
ogen’s total transmission in vaccinated hosts (calculated us-
ing eq. 8). We find that the ES pathogen growth rate in
vaccinated hosts monotonically increases with the increasing
efficacy of vaccination (shown in Fig. 5B when ¢ = 0.1).

In Figure 4C we plot the changes in ES virulence of the
pathogen in unvaccinated and vaccinated hosts the increasing
heterogeneity level. Surprisingly, we find that the ES viru-
lence in vaccinated hosts is slightly lower than the ES vir-
ulence in unvaccinated hosts. Furthermore, the ES virulence
in vaccinated hosts decreases with increasing vaccine effi-
cacy, although this decrease isrelatively small (Fig. 5C). The
pathogen adapted to vaccinated hosts, nevertheless, causes
high mortality in unvaccinated hosts because of the increased
ES growth rate.

We also find that the ES transmission of the pathogen in
vaccinated hosts is lower than the ES transmission in un-
vaccinated hosts (cf. the dot and a bold long-dashed line in
Fig. 5A). This mainly occurs because, while in both cases
pathogens reach similar densities, infections are more rapid
(and thus shorter) in vaccinated hosts. In summary, vacci-
nation with antigrowth vaccines leads to selection of path-
ogen strains with higher ES growth rate, lower ES transmis-
sion, and lower ES virulence. Infection of unvaccinated hosts
with such evolved pathogens results in high host mortality
and in low pathogen transmission.

We now consider evolution of pathogens in a population
when only a fraction of hosts p = S/(S, + §) is vaccinated
(where S, and S, are the numbers of vaccinated and unvac-
cinated hosts, respectively). For the case when recovery from
the infection leads to lifelong immunity (which is the case
for most known acute infections), previous work has sug-
gested that the total transmission of the pathogenin apartially
vaccinated host population is simply asum of pathogen trans-
mission from vaccinated and unvaccinated hosts (Gandon et
al. 2003; André and Gandon 2006). Then the average total
transmission of a pathogen with the growth rate r infecting
a host population where a fraction p of hosts is vaccinated
is simply:
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antigrowth vaccinated hosts (B; X;o = 2 and X5, = 0) and antitransmission vaccinated hosts (C; X, = 1 and X,5 = 10). Parameters are
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density of both immune responses are multiplied by a factor 4 X 10-6 to fit on the same plot. The total transmission I(r) was calculated
using equation (11) and normalized to the maximal total transmission in (A). Rate parameters are given in day-1 units.

L(r) = pL,(r) + (1 — p)Ly(1), (12)

where L, and L isthetotal transmission of the pathogen from
vaccinated and unvaccinated hosts, respectively. The average
case mortality caused by the pathogen with the growth rate
r is calculated in a similar way:

M(r) = pM,(r) + (1 — p)My(r). (13)

In Figure 6 we plot how the total transmission of pathogens
with different growth rates changes with the increasing frac-
tion of vaccinated hosts p for low antigrowth vaccine efficacy.
Changes in total transmission for high vaccine efficacy are
shown in the Appendix (available online).

We find that when the fraction of vaccinated hosts p is
small, the pathogen adapts to unvaccinated hosts by evolving
a low growth rate which is the ES growth rate in these un-
vaccinated hosts (Figs. 6, 7). In this case, the pathogen ob-
tai ns the maximum transmission from the most abundant host
type. When the fraction of vaccinated hosts becomes inter-
mediate, the pathogen evolves a higher growth rate yet it
obtains a lower total transmission. In this case, the pathogen
cannot optimize simultaneously to both host types (unvac-
cinated and vaccinated) and thus loses in transmission. As
most hosts become vaccinated, the pathogen adapts to vac-
cinated hosts by evolving high growth rate that is optimal in
vaccinated hosts (Figs. 6, 7).

Surprisingly, changes in the average ES virulence do not
follow the changes in the ES growth rate (Figs. 7B, C). At
first, the average case mortality of the optimal pathogen de-
creases. This occurs because with increasing p, more hosts
become resistant to the infection while the ES growth rate
of the pathogen changes only little (Fig. 7B). This initial
decrease in average virulence is relatively small at low vac-
cine efficacy but becomes larger at high efficacy. At an in-
termediate fraction of vaccinated hosts, the ES virulence
reaches its maximum. This occurs because the pathogen
adapts to the resistant, vaccinated population and thus causes
high mortality in unvaccinated hosts. When almost all hosts
are vaccinated, the ES virulence again becomes relatively
small because of the lower ES pathogen virulence in vac-
cinated hosts (see Figs. 4C, 5C).

Changes in the ES growth rate, transmission and virulence
occurring with an increasing fraction of vaccinated hosts re-
main qualitatively similar at higher vaccine efficacy (Fig. 7).
Importantly, however, at high vaccine efficacy, the total
transmission may have two maxima, and depending on the
fraction of vaccinated hosts, vaccine efficacy and degree of
host heterogeneity, pathogens with high or low growth rate
will obtain maximum transmission. The sharp increase in the
ES growth rate and ES virulence shown in Figure 7 (by thin
long-dashed lines) corresponds to such a case when a small
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change in the fraction of vaccinated hosts leads to pathogen
switch from one maximum to another (for a more general
discussion on pathogen evolution for the cases when path-
ogen transmission has two or more local maxima, see Gandon
et al. 2003).

In summary, we find that: (1) antigrowth vaccination leads
to selection of more rapidly growing pathogens that are more
virulent in unvaccinated and less virulent in vaccinated hosts;
(2) such evolved pathogens obtain lower total transmission
in both vaccinated and unvaccinated hosts; and (3) vacci-
nation of a fraction of the host population may lead to a
dramatic increase in the average ES virulence at intermediate
fractions of vaccinated hosts (i.e., coverage level), while it
may also lead to a reduction of the average ES virulence at
low and high vaccine coverage, especially when the vaccine
efficacy is relatively high.

Antitransmission Vaccines

As above, we first consider consequences of the use of
antitransmission vaccines on the evolution of pathogen when
all hosts in the population are vaccinated. Vaccination with
antitransmission vaccines leads to a generation of the second
immune response, X,, expanding from X,y precursors in a

pathogen-dependent manner and inhibiting pathogen trans-
mission (see Fig. 2C and egs. 10, 11). In Figure 3C we plot
the dynamics of the pathogen optimal in unvaccinated hosts
in the absence of heterogeneity (with r = r*) infecting an-
titransmission vaccinated hosts. We find that this dynamics
is unchanged but the total pathogen transmission is reduced
(I = 39%). At these parameter values, the ES growth rate is
the same in unvaccinated and vaccinated hosts, and the op-
timal pathogen is at the edge of killing the host (Fig. 4B,
bold solid line at ¢ = 0). Importantly, however, pathogens
with slightly higher than the optimal r* growth rate suffer
much smaller reduction in total transmission due to killing
of the host than the pathogens killing unvaccinated hosts (cf.
the drop in transmission for vaccinated and unvaccinated
hosts at r = r* shown by vertical dashed lines in Fig. 4B).
This difference in loss in transmission of rapidly replicating
pathogens between unvaccinated and vaccinated hosts arises
because the killing of the antitransmission vaccinated host
early has an advantage for the pathogen. Killing the host very
early prevents the development of antitransmission immune
response, and this may augement transmission of rapidly
growing pathogens in comparison with slowly growing path-
ogens. In fact, if antitransmission vaccination result in much
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higher precursor numbers X,q, rapidly replicating pathogens,
which kill the host early, may obtain higher transmission than
the pathogens that are at the threshold of killing the host
(results not shown).

Introducing heterogeneity in the pathogen’s growth rate
allows us to calculate the pathogen’s total transmission and
ES pathogen virulence. We find that infection of antitrans-
mission vaccinated hosts with the pathogen optimal in un-
vaccinated hosts leads to a reduced pathogen transmission
but, as expected, has no effects on host’s survival (Figs. 5A,
C). Surprisingly, in the presence of heterogeneity the ES
pathogen growth rate is higher in antitransmission vaccinated
hosts than that in unvaccinated hosts (Figs. 4B, 5B). Thisis
the direct consequence of the smaller decline in total trans-
mission for rapidly growing pathogens infecting vaccinated
hosts (see above). The ES growth rate increases with in-
creasing vaccine efficacy (measured by the precursor number
Xoo generated after vaccination), although this increase is
much smaller than the increase in the ES pathogen growth
rate in antigrowth vaccinated hosts (Fig. 5B). The ES path-
ogen virulence becomes higher than that in unvaccinated
hosts (Figs. 4D, 5C). Because the antitransmission vaccine
does not protect vaccinated hosts from pathogen-induced dis-
ease, even small changes in the ES pathogen growth rate will
lead to large changes in host mortality. Increasing the vaccine
efficacy leads to a further increase in the ES pathogen vir-
ulence (Fig. 5C). Infections of unvaccinated hosts with the
pathogens adapted to vaccinated hosts will therefore result
in high host mortality (in fact, similar to that in vaccinated
hosts) and low pathogen transmission (due to early killing
of the host).

We now consider the evolution of pathogens in a popu-
lation where only a fraction of hosts is vaccinated. Changes
in the total transmission of pathogens with different growth
rates with the increasing fraction of vaccinated hosts p is
shown in Figure 6. We find that there is amonotonic decrease
in the ES transmission, increase in the ES growth rate and
ES virulence as the fraction of vaccinated hosts increases
(Fig. 7).

In summary, we find that: (1) antitransmission vaccination
leads to selection of more rapidly growing pathogens that are
more virulent in unvaccinated and vaccinated hosts; (2) such
pathogens obtain lower total transmission in both vaccinated
and unvaccinated hosts; and (3) the ES virulence increases
with the increasing fraction of vaccinated hosts.

Trade-offs between Transmissibility, Host Recovery,
and Virulence

As we mentioned in the introduction, previous work relied
on the assumption that the trade-offs between pathogen char-
acteristics such astransmissibility B, the rate of host recovery
v, and virulence a do not change with vaccination (Gandon
et al. 2001). In the Appendix (available online) we demon-
strate how these parameters for the epidemiological spread
of the pathogen-induced disease can be estimated using mod-
els of the within-host dynamics of pathogen and the immune
response. In Figure 8 we plot the trade-offs B = B(a), v =
v(a), and Ry = Ry(a) in unvaccinated and vaccinated hosts.

We find that, in contrast with previous suggestions for
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chronic infections (Gandon et al. 2001), for acute infections
these trade-offs do change with vaccination. The changes,
however, are relatively small at low levels of antigrowth
vaccine efficacy (i.e., at small increasesin the precursor num-
ber X;o following vaccination), but they may become quite
large at high efficacy (Fig. 8). Both the pathogen’s trans-
mission rate and host recovery rate become higher after an-
tigrowth vaccination for a given level of host mortality rate
(Fig. 8A, C). These changes, however, cancel each other such
as the ES host mortality rate a* at which Ry is maximal, is
only slightly increased (Fig. 8E). Pathogen transmissibility
becomes lower at low host mortality ratesin antitransmission
vaccinated hosts, while no changes in the recovery rate occur
with vaccination (Fig. 8B, D). These changesresult in ahigh-
er host mortality rate a* at which Ry is maximal (Fig. 8F).

Discussion

While many vaccines can reduce the prevalence of the
infection and disease in vaccinated populations, inefficient,
imperfect vaccines may also affect the evolution of pathogens
such as to increase or decrease their optimal virulence (Gan-
don et al. 2001). It has been suggested that antigrowth or
antivirulence vaccines, by removing the cost of virulence,
should select for pathogens with higher virulence (as mea-
sured in unvaccinated hosts). Moreover, vaccines, which
block transmission of pathogens from infected hosts or in-
fection of new hosts by reducing the strength of the intrahost
competition between unrelated pathogen strains, should se-
lect for pathogens with lower virulence (Gandon et al. 2001,
2003). While these results point out potential problems that
imperfect vaccines may elicit, the approach of Gandon et al.
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Fic. 7. The maximal average total transmission (A), the evolu-
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mission (short-dashed lines) vaccinated hosts. In antigrowth vac-
cinated hosts, two vaccine efficacy levels are considered: low ef-
ficacy (two-fold increase in the precursor number X;q following
vaccination, shown by bold long-dashed lines) and high efficacy
(10-fold increasein the precursor number X, following vaccination,
shown by thin long-dashed lines). In antitransmission vaccinated
hosts the precursor number for the antitransmission immune re-
sponseisincreased to X,q = 10. A thin horizontal linein (C) denotes
the evolutionary stable pathogen virulence in unvaccinated hosts.
Other parameters are the same as in Figures 1 and 3 with o = 0.1.

(2001) as well asthe predictions have been criticized asbeing
too general and inconsistent with some experimental obser-
vations (Smith 2002; Soubeyrand and Plotkin 2002; André
et al. 2003; Ebert and Bull 2003). For example, the prediction
that optimal virulence should increase during the use of an
antivirulence (or antitoxin) vaccineisinconsistent the decline
in prevalence of the toxin-producing Corynebacterium diph-
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theriae and Bordetella pertussis observed in countries with
long and efficient diphtheria and pertussis antitoxoid vacci-
nation programs (Schneerson et al. 1996; Taranger et al.
2001). Modifying the model by including the cost associated
with the production of toxins has led to changed predictions
suggesting that at high-efficacy antitoxin vaccination may
select for less virulent pathogens (Gandon et al. 2002). This
demonstrates that particular details of the within-host dy-
namics of pathogens may have dramatic qualitative effects
on pathogen evolution.

In this paper, we have extended the study of Gandon et al.
(2001) in a more specific way. We analyzed how imperfect
vaccines may affect the optimal level of virulence to which
pathogens, causing acute infections in vertebrate hosts, are
expected to evolve. By focusing on acute infections we re-
stricted our analysis to well-defined models of the within-
host dynamics of pathogens controlled by the immune re-
sponse(s); used biologically plausible scenarios of how vac-
cines may affect the strength of immune responses to path-
ogens; and, given the short duration of such infections, could
to afirst approximation neglect the intrahost competition be-
tween pathogen strains proven to affect the evolution of path-
ogens in different ways (Frank 1996; Brown et al. 2002).

Using this within-host approach we found the following.
Antigrowth vaccines, by increasing the rate at which the im-
mune response clears the pathogen, lead to selection of path-
ogens with an increased within-host growth rate. This result
is asimple consequence of the arm race between the pathogen
and immune response: stronger immune response drives the
evolution of more rapidly replicating pathogens. Clearly,
such rapidly replicating pathogens are highly virulent in un-
vaccinated hosts, as has been noted previously (Gandon et
al. 2001), but by killing unvaccinated hosts early, they suffer
adramatic loss in total transmission. In fact, because of such
areduction in total transmission (i.e., in Ry), pathogens that
are adapted to vaccinated hosts may not be able to spread in
unvaccinated hosts. In addition, the ES pathogen virulence
(measured by the case mortality) islower in vaccinated hosts
than the ES virulence in unvaccinated hosts.

We also found that if only a small fraction of the host
population is vaccinated, then even imperfect antigrowth vac-
cines may be beneficial because, by adapting to unvaccinated
hosts, pathogens evolve low growth rate and thus cause little
harm in vaccinated hosts. This effect, however, may be quite
small at low vaccine efficacy (Fig. 7C). At intermediate frac-
tions of vaccinated hosts, antigrowth vaccines may be quite
detrimental as the pathogen adapts to vaccinated hosts by
evolving a high growth rate and causing high mortality in
unvaccinated and intermediate mortality in vaccinated hosts.

Importantly, these predictions on the evolution of patho-
gens are likely to depend on the efficacy of the vaccine, that
is, the increase in the precursor number resulting after vac-
cination. Increasing the precursor number of antigrowth im-
mune response 102-fold or more dramatically reduces trans-
mission of pathogens adapted to unvaccinated hosts follow-
ing infection of vaccinated hosts (shown in Fig. 5A by athin
long-dashed line). This implies that at high enough efficacy,
the vaccine may prevent pathogen transmission from vac-
cinated hosts and thus will not allow for pathogen evolution.
Moreover, at high antigrowth vaccine efficacy, to obtain high
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transmission the pathogens must evolve relatively high
growth rate (shown in Fig. 5B by a bold long-dashed line).
For many pathogens this may be impossible because there
are physiological constrains on how rapidly pathogens can
replicate.

Previous model s have suggested that transmissionblocking
vaccines by reducing the degree of the intrahost competition
should select for pathogens with lower virulence (Gandon et
al. 2001). Because in our model we do not consider the in-
trahost competition, there should be no effect of antitrans-
mission vaccines on the optimal level of pathogen virulence.
This is indeed the case if one considers a time-independent
immune response that reduces pathogen’s transmission rate

(i.e.,, when X,[t] = constant). However, for an acute infection,
a more hiologically plausible scenario is when the immune
response is time and pathogen dependent and is stronger in
vaccinated hosts. In this case, pathogens that allow the an-
titransmission immune response to develop (by not killing
the host) may suffer great losses in total transmission when
compared with pathogens that kill the host early. This result
demonstrates that timing of transmission may have important
influence of pathogen evolution (see a more general discus-
sion on this topic in Day 2003). Our analysis suggests that
for acute infections transmission-blocking vaccines are also
likely to select for more rapidly replicating pathogens, caus-
ing higher mortality in both vaccinated and unvaccinated
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hosts. Vaccinating a fraction of hosts is detrimental and will
lead to evolution of pathogens with high ES growth rate and
high average virulence (Fig. 7C).

Are there any benefits of using a transmission-blocking
vaccine? Clearly, a vaccine that only blocks transmission of
the pathogen from infected hosts will not protect infected
individuals from the pathogen-caused disease. However, be-
cause the total transmission of pathogens will be reduced in
vaccinated hosts, there will be a lower probability for an
uninfected host to become infected. Thus, at high enough
efficacy, transmission-blocking vaccines may lead to path-
ogen extinction; however, if this extinction is not achieved,
pathogens are expected to evolve to high virulence in both
vaccinated and unvaccinated hosts.

In contrast with previous assumptions (Gandon et al.
2001), we have also found that vaccination generally changes
the trade-offs between the parameters determining the epi-
demiological spread of the pathogen in the host population.

Interestingly, in a recent study no significant differences
in the shape of these trade-offs after vaccination have been
observed for Plasmodium chabaudi infection of laboratory
mice (Mackinnon and Read 2003). Although the reasons of
such discrepancy are not known, a better understanding of
acquired immunity in malariainfection of mice and its chang-
es with vaccination and the vaccine efficacy may be of par-
ticular importance.

Some of our results are in parallel with the work by André
and colleagues, which showed that antigrowth vaccines may
select for pathogens with higher virulence as measured by
the host mortality rate o (André et al. 2003; André and Gan-
don 2006). In contrast with our lethal density model, the
authors assumed stochastic host’s survival during the infec-
tion dependent on the pathogen density (Sasaki and Iwasa
1991). While having stochastic host survival does not change
our conclusions qualitatively (results not shown), it appears
that for a range of biologically plausible parameters of such
a model, selection will favor pathogens that are unrealisti-
cally virulent in their hosts as measured by the case mortality
(e.g., infig. 1b in André et al. [2003], the optimal pathogen
has the case mortality above 0.95). Because for acute infec-
tions case mortality is a more adequate measure of virulence
(than LDsg or host mortality rate ), we believethat the results
of André et al. (2003) may be of a limited applicability. In
particular, a later work of André and Gandon (2006) sug-
gested that antigrowth vaccination reduces the average path-
ogen virulence (measured by the case mortality) for an in-
termediate fraction of vaccinated hosts p; thisisin contrast
with our conclusions. We have found that this result arises
in part due to unreasonably high ES pathogen virulence in
unvaccinated hosts. Modifying this model such as to include
saturation in the pathogen transmission rate with pathogen
density that allowed for low ES virulence in unvaccinated
hosts leads to qualitatively different predictions, consistent
with our results (results not shown). These differences in
predictions of relatively simple models further demonstrate
the importance of particular details in predicting pathogen
evolution (Ganusov and Antia 2003).

Imperfect vaccines are defined as the ones resulting in a
moderate decrease in the pathogen transmission and host
mortality following infection of vaccinated hosts with the
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pathogens optimal in unvaccinated hosts. An important lim-
itation of the considered mathematical models is that, for
vaccines to be imperfect, changes in the precursor numbers
of antigrowth and antitransmission immune responses re-
sulting after vaccination must be relatively small. Larger in-
creases in the precursor number of antigrowth immune re-
sponse (102-10* fold as is observed for some infections of
mice) will result in our model in almost complete blocking
of pathogen replication, transmission, and host mortality.
Thisisin contrast with some experimental observations. For
example, vaccination of mice with one strain of influenza
resultsin alarge increase of the precursor numbers (Doherty
and Christensen 2000), and yet infection of vaccinated mice
with another strain of the virus does not prevent virus rep-
lication and transmission (Schulman 1970; Christensen et al.
2000). Developing more complex models that may account
for these differences is required for a better understanding
of the within-host dynamics and evolution of pathogens in
response to vaccination.

While our approach takes into account some of the prop-
erties of the within-host dynamics of pathogens and immune
responses during acute infections, many other details may
also beimportant in predicting evolution of pathogens (Soub-
eyrand and Plotkin 2002). For example, we assume that path-
ogens evolve only by changing their within-host replication
rate. Clearly, this is a simplification, and many pathogens
may change their transmission and virulence by a variety of
other means, while the within-host growth rate may remain
unchanged. Taking into account different functional forms
for the rate of pathogen transmission from infected hosts or/
and the mechanisms of the pathogen-induced pathogenesis
may also affect the optimal level of virulence to which path-
ogens are expected to evolve (Ganusov and Antia 2003). Our
results, however, do emphasize that particular mechanisms
of action of vaccines as well as their efficacy are crucial in
predicting the long-term consequences of the use of imperfect
vaccines in the evolution of pathogens.
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